Pyruvate carboxylase (PC) was purified to homogeneity from an overexpressing strain of the purple photosynthetic bacterium Rhodobacter capsulatus using a rapid dye-ligand affinity chromatography procedure, in which dye-bound enzyme was specifically eluted with a low concentration of acetyl-CoA, an allosteric activator of the enzyme. The enzyme purified by this method was obtained in 75% yield with a specific activity of 40 U (mg protein)-'. In contrast, affinity chromatography on a monomeric avidin column, commonly used in the purification of biotin-containing carboxylases, resulted in a yield of < 40%, with a specific activity of 10 U (mg protein)-'. The enzyme purified by the dye-linked procedure had a subunit molecular mass of 140000 Da and was absolutely dependent on acetyl-CoA for activity. AcetylCoA was also effective in protecting the enzyme from thermal denaturation. The enzyme was inhibited by 2-oxoglutarate and, to a lesser extent, L-aspartate, with sigmoidal kinetics with respect to acetyl-CoA concentration. The amino acid composition, pH optimum and kinetic constants for pyruvate, ATP and bicarbonate were determined. An N-terminal sequence of 26 residues was obtained, which was homologous to the N-terminal regions of several eukaryotic PCs, propionyl-CoA carboxylases and acetyl-CoA carboxylase.
INTRODUCTION
Pyruvate carboxylase (PC ; EC 6.4.1 .1) is an important and widely distributed biotin-containing enzyme found in many mammalian, fungal and plant tissues, as well as in some groups of bacteria (Keech & Wallace, 1985) . It catalyses a two-step reaction, involving (i) the ATPdriven carboxylation of a covalently attached biotin moiety and (ii), the transfer of the bound carboxyl group to pyruvate, forming oxaloacetate. In bacteria, PC has an anaplerotic role in the provision of oxaloacetate for both biosynthetic purposes and as a carrier for acetyl units into the citric acid cycle. Mutants deficient in PC were first isolated from the photosynthetic bacterium Rhodobacter sphaeroides (Payne & Morris, 1969 ) and more recently from R. capsdattrs (Willison 1988) . Such mutants are highly pleiotropic and are unable to grow either autotrophically or on any carbon sources metabolized through pyruvate. Pyruvate carboxylase is clearly a key enzyme which contributes to the well-known metabolic versatility of Rhodobacter and its properties are therefore of some interest.
PCs isolated from diverse sources show varying degrees of dependence on acetyl-CoA as an allosteric activator. For Weicker, 1969; Taylor e t a/., 1972) , Aspergilltrs niger (Feir 8i Suzuki, 1969) and A-??tobacter Vinelandii (Scrutton 8c Taylor , while most of the vertebrate enzymes have negligible activity in its absence. The enzyme from yeast is active in the absence of acetyl-CoA but its addition causes a threeto fourfold stimulation of activity (Ruiz-Amil e t al., 1965) . In general terms, the acetyl-CoA-dependent enzymes are homotetramers with a subunit molecular mass of 110-140 kDa, while the P. citronellolis and A. vinelandii enzymes are heterodimers or tetramers with subunit molecular masses of 65 and 54 kDa (Scrutton & Young, 1972 ; Taylor e t al. , 1972 ; Barden e t al., 1975) . PC is one of a number of related enzymes which use biotin as a mobile prosthetic group to move a bound carboxyl group between two subsites within the protein. The reaction mechanism has recently been studied in some detail by conventional steady-state methods, labelling and isotope exchange techniques (Phillips et al., 1992) . The available data point toward the initial formation of a carboxyphospho-enzyme complex which precedes conversion to the more stable carboxybiotin-enzyme, and it is now clear that acetyl-CoA acts by shifting the equilibrium towards the latter.
In addition to its stimulatory effects on enzyme activity, acetyl-CoA also has a stabilizing effect on the enzyme. Ashman et al. (1972) showed that the loss of activity associated with dilution of all vertebrate PCs below 3-4 U ml-' (due to dissociation of the tetrameric enzyme into monomers) does not occur in the presence of acetylCoA. Similarly, dissociation of the enzyme into monomers at low temperature is prevented in the presence of acetylCoA (Scrutton & Utter, 1965) although its addition to previously cold-or dilution-inactivated enzyme does not restore activity. By mediating subunit interactions, acetylCoA thus appears to maintain the enzyme in an active conformation.
The purification of PC from mammalian or bacterial sources has traditionally been based on the use of avidinaffinity chromatography with specific elution by excess biotin. There are, however, a number of disadvantages associated with this method, particularly the low capacity and high cost of avidin columns (making scale-up difficult), and the need to remove other biotin-containing proteins prior to adsorption, to avoid co-elution with PC. In this paper, an alternative purification procedure for a major class of PC is described, which makes use of the interaction of the enzyme with acetyl-CoA. The method has been used to characterize the PC from R. capstllattls and to obtain the first N-terminal sequence data from a bacterial PC.
Strains, media and growth conditions. Rhodobacter capsulatus strain PASlOO (Taylor et al., 1983) was the parent strain used in these studies. It was routinely grown chemoheterotrophically at 30 O C in RCV minimal medium (Weaver et al., 1975 ; Hillmer & Gest, 1977) containing D,L-lactate (0.4 YO, W/V) as carbon source. Mutants derived from PASlOO lacking PC were routinely grown in the same medium but with 0.4 YO (w/v) D,Lmalate as carbon source. Other sole carbon sources used in growth tests were also 0-4 % (w/v). For photoheterotrophic growth, cultures were incubated in completely filled bottles at a distance of 30 cm from a 60 W tungsten bulb. Photoautotrophic growth tests were conducted in an anaerobic cabinet (Don Whitley, Shipley, UK) under an atmosphere of N,/CO,/H, (85 : 10: 5, by vol.) on RCV plates containing no added organic carbon source. Illumination was provided by a bank of tungsten striplights above the cabinet. Escherichia coli strains were grown aerobically in LB medium (Sambrook e t al., 1989) . Antibiotics were used at the following concentrations ; kanamycin, 25 pg ml-'; tetracycline, 10 pg ml-' (E. coli] or 1 pg ml-' (R. capsulatus) .
Isolation of mutants.
Transposon mutagenesis with Tn5 was used to isolate mutants lacking PC activity. E. coli S17-l(pSUP2021) (Simon et al., 1983) was mated with R. capsulatus PASlOO on nitrocellulose filters exactly as described by Hamblin et al. (1 990) . Transconjugants appearing on RCV-malatekanamycin plates were tested for growth on RCV-lactatekanamycin plates and those unable to grow were retained and assayed for PC activity.
DNA isolation and manipulation. Small-scale isolation of cosmids and plasmids from both E. coli and R. capsulatus was done using the rapid boiling method (Sambrook e t al., 1989) . Large-scale plasmid DNA preparations were obtained after lysozyme/SDS treatment followed by polyethylene glycol 8000 (PEG) precipitation and caesium chloride isopycnic centrifugation. Genomic DNA was prepared by lysosyme/SDS treatment, chloroform extraction and caesium chloride gradient centrifugation. Restriction endonuclease analysis, agarose gel electrophoresis, Southern blotting and ligation were performed according to standard procedures (Sambrook et al., 1989) . Bacterial transformations were performed by the method of Hanahan (1985) .
DNA cloning and complementation of mutants. The gene bank described by Colbeau e t al. (1986) was used to clone DNA complementing the T n J mutants. It consists of eight pools of 200 randomly picked colonies of E. coli HB101, each containing a size-fractioned partial EcoRI fragment of chromosomal DNA from R. capsulatus strain B10, cloned in the broad host-range cosmid vector pLAFR1. The mean insert size is approximately 20 kb. Each pool was conjugated with R. capsulatus HVM13 in a separate triparental filter mating with pRK2013 as helper plasmid, as described by Hamblin et al. (1990) . Transconjugants were selected aerobically in the dark on RCV-pyruvate plates containing kanamycin and tetracycline. The efficiency of transfer was determined on RCV-D,L-malate plates containing the same antibiotics. A 10 kb BamHI fragment common to two complementing cosmids (designated pPYCl00 and pPYC200) was cloned from pPYCl00 into the broad-host range plasmid pRK415 (Keen et al., 1988) and designated pPYC101. Overexpression of PC activity. E. coli S17-1 (pPYC101) was conjugated with R. capsulatus PAS100, and the transconjugants were selected on RCV-pyruvate plates containing tetracycline. One colony was purified and grown aerobically in the dark in RCV-pyruvate medium. PC activities in cell-free extracts were determined as described below. E. coli S17-l(pPYClOl) was grown in M9 minimal medium (Sambrook et al., 1989) containing tetracycline and with pyruvate as the carbon source. Cell-free extracts were prepared by sonication and assayed for PC activity as described below.
Enzyme assays. Cell-free extracts were routinely prepared from 250 ml cultures grown aerobically in the dark on RCV-malate medium (with pyruvate or acetate added at 10 mM final concentration for induction of the enzyme activities where necessary). Cells were harvested by centrifugation, washed with ice-cold 50 mM Tris/HCl, pH 8.0, then resuspended in 1 ml of the same buffer followed by sonication (MSE Soniprep 150, Pyruvate carboxylase from Rhodobacter capstllattls 6 x20 s bursts, 8 pm amplitide). Debris was removed by centrifugation at 13000g for 10 min at 4 "C. Protein concentration was determined using the Lowry method.
PC activity was measured by three methods. (a) The first assay was that of Payne & Morris (1969) , where the oxaloacetate produced by PC is converted to citrate by added citrate synthase in the presence of acetyl-CoA and 5,5'-dithio-bis(2-nitrobenzoate) (DTNB). The rate of increase in absorbance at 412 nm due to the CoA-dependent appearance of the thionitrobenzoate anion ( E = 13.6 mM-' cm-') was measured first after the addition of pyruvate to the assay mixture and then after the addition of ATP. The difference between the two rates was taken as the PC activity. This assay was used in crude extracts and during purification. The complete assay mixture contained, in a final volume of 1 ml: Tris/HCl buffer, pH 8.0, 100 mM; magnesium chloride, 5 mM ; sodium bicarbonate, 50 mM ; ATP, 5 mM ; sodium pyruvate, 5 mM ; acetyl-CoA, 0.1 mM ; DTNB, 0.25 mM; citrate synthase (Sigma) 2 U. (b) In the second assay, oxaloacetate production was linked to malate dehydrogenase. This was used for kinetic studies on the pure enzyme and for studying acetyl-CoA dependence. The same assay mixture as in (a) was used, with the omission of citrate synthase and DTNB, and with the addition of 2 U of malate dehydrogenase (Sigma) and sufficient NADH to give an initial absorbance at 340 nm of 0-8-0.9. The assay was started by the addition of pyruvate. (c) The third assay measured 14C0, fixation by the purified enzyme. The assay mixture contained in a total volume of 0.5 ml: Tris/HCl buffer, pH 8.0, 100 mM; sodium pyruvate or other organic acid (where tested), 50 mM; ATP, 2 mM; MgCl,, 4 mM; acetyl-CoA 0.1 mM; NaH14C0, [1-85-2*2 GBq mmol-'I, 25 mM; pure PC, 0.5 pg. After 30 min the reaction was stopped by the addition of 0.2 ml 12 M formic acid, and the mixture heated for 2 h at 80 "C. Aliquots were then counted by scintillation spectrometry. Phosphoenolpyruvate carboxykinase (EC 4.1 . l . 49) was measured as described by Schobert & Bowien (1984) , pyruvate kinase (EC 2.7.1 .40) as described by Hess & Wieker (1974) , pyruvate dehydrogenase complex (EC 1 .2.4.1) as described by Guest & Creaghan (1973) and lactate dehydrogenase (EC 1 . l . 1.27) in a mixture (1 ml) containing: Tris/HCl buffer, pH 8.0, 100 mM; NADH, 0.2 mM; sodium pyruvate, 5 mM; rotenone, 0.1 mM. D-Malic enzyme (malate dehydrogenase; EC 1 . l . 1.38) was assayed in a mixture containing Tris/HCl buffer, pH 7.0, 100 mM; NAD, 2.5 mM; manganese chloride, 2 mM; potassium chloride, 5 mM; D(+)-malate, 7.5 mM; rotenone, 0.1 mM. Isocitrate lyase (EC 4.1 .3.1) and malate synthase (EC 4.1 .3.2) were assayed as described by Dixon & Kornberg (1959), acetate kinase (EC 2.7.2.1) as described by Fox & Roseman (1986) and phosphotransacetylase (EC 2.3.1 .8) as described by Wooford et al. (1986) . All assays using NAD or NADH were monitored at 340 nm (E = 6-22 mM-' cm-').
Detection of biotinylated proteins by Western blotting.
Cellfree extracts were prepared as described above from wild-type or mutant cells grown on RCV-malate medium. An SDS-PAGE gel (10 %, w/v, acrylamide) was loaded with equal amounts of denatured extract protein (300 pg) and with biotinylated molecular mass standards (BioRad ; gel loadings as recommended by the manufacturer). After electrophoresis at 30 mA for 5 h, the gel was blotted onto nitrocellulose in a BioRad Transblot cell at 250 mA for 16 h. Biotinylated polypeptides were detected using an avidin-horseradish peroxidase (HRP) conjugate (BioRad) according to the following procedure. The nitrocellulose membrane was immersed in blocking solution (3 YO w/v bovine serum albumin in Tris-buffered saline (TBS; 20 mM Tris/HCl, pH 7.5, containing 500 mM NaC1) for 30 min. After washing twice (5 min each wash) with 0.05 % (v/v) Tween 20 in TBS (TTBS), the membrane was transferred to 100 ml TTBS containing 1 YO (w/v) bovine serum albumin and a 1 : 3000 dilution of the avidin-HRP conjugate. After a 1 h incubation with shaking, the solution was removed, and the membrane washed twice in TTBS and then twice in TBS (5 rnin each wash). Finally, the membrane was placed in the colour development solution (100 ml TBS containing 25 mg 3,3' diaminobenzidine-HC1, 30 mg nickel chloride and 5 pl 30 %, v/v, hydrogen peroxide solution) for up to 1 h.
Purification of PC by avidin-affinity chromatography
Step 1. Crude extract and removal of membrane proteins. Cells of R. capstllattls PASlOO(pPYC101) grown in RCV-lactate medium were resuspended in Buffer A (Tris/HCl buffer, pH 8.0, containing 10 mM magnesium chloride, 1 mM EDTA, 0.1 mM PMSF and 0.1 mM DTT and disrupted by passage through a French Press. Cell debris was removed by centrifugation at 12000 g for 20 min at 4 OC. Intracytoplasmic membranes were removed from the supernatant by a further centrifugation at 1OOOOOg for 2 h at 4 "C, and the supernatant retained.
Step 2. Ammonium sulphate precipitation. Solid ammonium sulphate was added to the membrane-free supernatant to 40 YO Step 3. Ultrafiltration. The dialysed fraction from step 2 was concentrated and further purified by ultrafiltration in a Filtron stirred cell (Flowgen) with a membrane with a 100000 Da cutOff.
Step 4. Anion exchange chromatography. A DEAE-sepharose CL-6B column (10 x 1 cm) was equilibrated with Buffer B and the concentrate from step 3 (about 1-2 mg protein ml-l) loaded at a flow rate of 0.5 ml min-'. PC activity was eluted by an increasing salt gradient (0-250 mM KC1). Active fractions were pooled and dialysed against several changes of Buffer B.
Step 5. Avidin-aff inity chromatography. A monomeric avidin column (Sigma) was prepared for use by first blocking the nonexchangeable biotin-binding sites with 0.2 mM biotin, followed by washing with 0.1 M glycine in 0.2 M KC1 (adjusted to pH 1.5 with HC1) to remove biotin from the exchangeable sites. The dialysed active fractions from step 4 were loaded onto the Buffer B equilibrated column at a slow flow-rate (0.3 ml h-') and pure PC eluted with biotin (2 mg ml-').
Purification of PC by dye-ligand affinity chromatography
Steps 1 and 2. The production of a membrane-free cell extract and ammonium sulphate precipitation were performed as described above. of 2-3 h.
Step 3. Blue MX3B chromatography. A column (10 X 1 cm) of the triazine dye Blue MX-3B (ICI dyestuffs division) linked to sepharose CL-6B was equilibrated with Buffer B. The dialysed fraction from step 2 was loaded on at a flow rate of 1 ml min-' and the column washed with Buffer B until the absorbance of the effluent at 280 nm was negligible. The column was then washed with 100ml Buffer C (Buffer B containing 50mM KCI) to remove non-specifically bound proteins and subsequently with 30 ml of Buffer B. PC was specifically eluted with 10 ml Buffer D (Buffer B containing 50 pM acetyl-CoA). Active fractions were pooled and stored at -20 "C after addition of glycerol to a final concentration of 50 YO (w/v).
Amino acid composition and N-terminal sequence. Enzyme samples dialysed against distilled water were evaporated to dryness and hydrolysed in 6 M HC1 containing 0.1 % (v/v) phenol for 24 and 48 h. Amino acid composition was determined on a Waters Pico-Tag system using 2-aminohexanoic acid (norleucine) as an internal standard. Compositional relatedness between PCs was estimated using the procedure of Marchelonis & Weltman (1971) . N-terminal sequencing was performed using the automated Edman degradation procedure.
RESULTS

Identification and overexpression of the R. capsulatus PC
Mutants specifically lacking PC activity were isolated by transposon mutagenesis with Tn5, as described in Methods. Five mutants unable to grow on pyruvate, acetate, lactate, D-malate or autotrophically but showing normal growth on L-malate, were isolated. All five mutants lacked PC activity, but contained wild-type levels of pyruvate kinase, phosphoenolpyruvate carboxykinase, Fig. 1 . Detection of biotinylated polypeptides in wild-type and mutant cell-free extracts. Cell-free extracts (300 pg protein) were denatured in SDS-sample buffer at 80°C for 5min, then loaded onto a 10% polyacrylamide gel. After electrophoresis and Western blotting, biotinylated proteins were detected as described in Methods. Lanes: 1 and 6, biotinylated molecular mass markers (phosphorylase B, 97 kDa; bovine serum albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31 kDa; soybean trypsin inhibitor, 22 kDa; lysosyme, 14 kDa); 2 and 5, PAS100; 3, HVM13; 4, HVM14. Proteins A and B are unidentified biotinylated proteins (see text). lactate dehydrogenase, pyruvate dehydrogenase, D-malic enzyme, acetate kinase, phosphotransacetylase, isocitrate lyase and malate synthase (data not shown). A Western blot of cell-free extracts of two of the mutants (HVM13 and HVM14), along with PAS100, was obtained and incubated with an avidin-HRP conjugate. The PASlOO cell-free extract contained at least three biotin containing polypeptides (Fig. l) , of approximate molecular masses 140,70 and 23 kDa. HVM13 and HVM14 were found to be deficient specifically in the 140 kDa protein, thus confirming its identity as PC. The identity of the two other biotinylated proteins is unknown, but the 23 kDa protein is similar in size to the biotin-carboxylase subunit of acetyl-CoA carboxylase in other bacteria (Buckley e t al. , 1969) .
One of the mutants (HVM13) was complemented in trans by conjugation with a wild-type cosmid gene bank. Ten colonies able to grow on pyruvate as sole carbon source were purified and found to contain two types of cosmid after restriction analysis (data not shown), which were designated pPYCl00 and pPYC200. Both cosmids contained a common 10 kb BamHI fragment which was subcloned from pPYCl00 into the broad host-range vector pRK415 to give pPYC101. Transfer of pPYClOl to HVM13 by conjugation also resulted in complementation to growth on pyruvate, indicating that the structural gene encoding PC or a regulatory gene required for its expression (or both) had been cloned. In a typical experiment, transfer of pPYClOl to the R. capstllattls wildtype strain PASlOO resulted in an increase in PC-specific activity in cell-free extracts from 35 to 360 nmol min-' (mg protein)-'. Transfer of only the vector (pRK415) to R. capstllatzts resulted in no significant increase in activity.
No expression [ < 1 nmol min-' (mg protein)-'] was detected in E. coli S17-1 with or without these plasmids. Fig. 2 shows a restriction map of the insert in pPYC101, together with the positions of the T n 5 insertions in the corresponding chromosomal DNA of the mutants, as determined by Southern blotting. All of the insertions mapped within the same 1-9 kb region. 
Avidin-affinity purification of PC
The strain used for all of the purification studies was R. capszdattls PASlOO(pPYC101). We first devised a purification procedure based on the well known monomeric avidin-affinity chromatography method (Henrikson et a/., 1979), which has become the standard technique to purify PCs from diverse sources. A cell-free extract was ultracentrifuged to remove intra-cytoplasmic membranes (ICMs) and the supernatant subjected to ammonium sulphate fractionation and ultrafiltration, followed by dialysis and then ion-exchange chromatography on DEAE-sepharose. PC activity eluted at 80 mM KCl from the DEAE column. The active fractions were pooled, dialysed, concentrated and applied to the avidin column. Enzyme activity could be eluted with biotin. SDS-PAGE of the eluant from the avidin column revealed the presence of a single polypeptide of approximate molecular mass 140 kDa. A summary of the purification is given in Table  1 . This procedure produced a low yield of enzyme with a relatively low specific activity. 
Development of a dye-ligand based affinity purification procedure
In view of the inefficiency of the conventional avidinaffinity method for this enzyme, an alternative technique based on the use of triazine dye-affinity chromatography was developed. Initially, a number of such dyes linked to sepharose 4B were screened for their ability to bind a low amount of total protein but significant amounts of PC activity from ammonium sulphate fractionated extracts which had been dialysed to remove excess salt. Of those columns tested, Blue MX-37 and Blue MX-3B bound only about 10% (w/w) of the total protein applied but virtually all of the PC activity. Blue H-ERD (Leyland & Kelly, 1991) bound most of the PC activity applied, but also bound 70% (w/w) of the total protein applied. A number of specific eluants were tested with these columns. It was found that little PC activity was eluted from the Blue H-ERD column under any conditions, even using 1 M KCI. It was not used further. Pyruvate, bicarbonate, biotin and ATP did not result in elution of enzyme activity from any of the columns tested. However, it was found that 50 pM acetyl-CoA in the elution buffer reproducibly released all of the PC bound to the Blue MX-37 and MX-3B columns (Fig. 3) . Furthermore, it was observed that washing with 50 mM KCl prior to the addition of acetyl-CoA removed contaminating protein but did not result in the release of any PC activity (Fig. 3) . A final wash with 1 M KC1 removed remaining bound protein. Analysis by SDS-PAGE (Fig. 4) clearly showed the effectiveness and specificity of the acetyl-CoA elution ; only a single polypeptide of approximate molecular mass 140 kDa was visible after Coomassie blue staining.
A representative scaled-up purification using a Blue MX-3B column is shown in Table 2 . In contrast to the avidinbased method, only 25 % of the enzyme activity was lost during the dye-linked purification and the specific activity of the pure enzyme was much higher. The characterization described below was carried out using dye-purified enzyme.
Kinetic properties of the dye-purif ied enzyme
Affinity constants for bicarbonate, ATP and pyruvate are shown in Table 3 . With sodium pyruvate as the varied substrate, double reciprocal plots gave two linear inter- secting lines which could be extrapolated to two separate K , values (data not shown). The purified PC showed an absolute requirement for acetyl-CoA. N o activity was observed after dialysis to remove the acetyl-CoA used for elution from the dye-affinity column. However, a very low concentration of acetyl-CoA was found to be effective in activating the enzyme, and plots of rate against acetylCoA concentration were hyperbolic rather than sigmoidal (see Fig. 5b ), with half-maximal activation (K,) occurring at less than 0.5 pM acetyl-CoA (Table 3) . Coenzyme A could replace acetyl-Coh only poorly, with a Ka value three orders of magnitude higher (Table 3) .
Requirement for metal cations and effect of pH on activity
PC activity was found to be completely dependent on the presence of divalent metal cations in the assay mixture.
Magnesium ions gave maximal specific activities [38-40 U (mg protein)-']. Manganese ions were also effective [20 U (mg protein)-' at p H 7 and 10 U (mg protein)-' at pH 8;
see below] but were inhibitory above a concentration of about 1.25 mM (data not shown). Apart from a very low activity observed with copper I1 ions [about 3 U (mg protein)-'], no activity was demonstrable with Co2+, Ni2+, Ca2+, Sr'+ or Zn2+. The PC from B a c i l h stearotbermophilm is known to exhibit different pH optima in the presence of either magnesium or manganese as activating cations (Cazzulo e t al., 1970) . In the presence of magnesium at an equimolar concentration to A T P in the assay mixture, the R. capsztlatm enzyme showed maximal activity at p H 8.5, which was shifted slightly to p H 8.0 at a magnesium chloride concentration double that of ATP. However, in the presence of manganese chloride, the activity was highest at p H 7-0.
Substratedependent CO, fixation
The requirements for the fixation of CO, from NaH'ICO, into acid-stable products were determined for the pure enzyme. In the complete assay mixture (see Methods) significant pyruvate-dependent 14C02 fixation was observed (typically > 5000 d.p.m. after 30 min incubation with 0.5 pg enzyme). Omission of ATP, magnesium or manganese ions, pyruvate or acetyl-CoA from the assay mixture resulted in negligible CO, fixation ( < 500 d.p.m. after 30 min). The same result was obtained when pyruvate was substituted by a range of other organic acids (2-oxoglutarate, oxalate, L-malate, acetoacetate). 
Inhibition by avidin, ADP, 1-aspartate and 2-oxog I u ta rate
As is typical of biotin-dependent enzymes, incubation of PC with 1 U avidin almost completely inhibited activity, but inhibition could be prevented completely by preincubation of the enzyme with 0.5 pM biotin. ADP was found to be a potent inhibitor of the enzyme, and acted competitively against ATP, as judged by the characteristic double reciprocal plot obtained (Fig. 5a) . Of other potential regulatory metabolites tested, L-aspartate and 2-oxoglutarate inhibited the enzyme by antagonizing the activation by acetyl-CoA (Fig. 5b) . Kinetic plots of the dependence of rate upon acetyl-CoA concentration in the presence of these inhibitors were markedly sigmoidal (Fig. 5b) . 
99-55
ND, Not determined.
Thermal stability and effects of substrates and acetyl-CoA on heat inactivation
The purified PC was found to be inactivated rapidly at temperatures above 0-4 "C. For example, after 1 h incubation of an aliquot at 20 "C [initial specific activity 36 U (mg protein)-'], only 25 % of the initial activity remained, and at 50 OC, enzyme activity became undetectable after 15 min. In an investigation of the ability of various compounds to protect the enzyme against heat inactivation at two different temperatures, it was found that acetyl-CoA alone afforded almost complete protection, while various combinations of substrates and cofactors in the absence of acetyl-CoA were ineffective.
Amino-acid composition and N-terminal sequence
The amino-acid composition of the purified enzyme is shown in A sample of the pure enzyme was subjected to the automated Edman degradation procedure and the identity of 26 residues at the N terminus was determined (Fig. 6) . A protein database search revealed significant sequence similarity with the N-terminal regions of several biotindependent carboxylases (Fig. 6) , particularly the two yeast PCs (58 YO identity) and propionyl-CoA carboxylases from several sources.
DISCUSSION
In this study, we have developed a simple purification procedure for the acetyl-CoA-dependent PC from the photosynthetic bacterium Rhodobacter capsidatus. A comparison of the standard avidin-affinity method with the dye-linked technique for the R. capstllattls enzyme clearly shows the advantages of the latter in terms of both yield and higher final specific activity. The key feature is the highly specific elution of PC activity from the dye column with a relatively low concentration of acetyl-CoA (50 pM). However, in view of the determined Ka value of 0.33 pM, it may be possible to use a considerably lower concentration of acetyl-CoA for elution. The procedure should also be applicable to any other PC which is activated by acetyl-CoA to a significant extent, but we have not determined the exact molecular basis for the success of this method. Indeed, apart from some dehydrogenases, there is general uncertainty as to the mechanism by which many enzymes interact with dye columns (Scopes, 1986) . Nevertheless, the absolute dependence and high affinity of the R. capsulatus PC for acetyl-CoA may be an important factor in the specificity of the elution.
The R. capsdatus enzyme is clearly a member of the homotetrameric class of PC which have subunit molecular masses in the region of 110-140 kDa (Scrutton & Young, 1972) . In terms of its absolute requirement for acetyl-CoA and its inhibition by L-aspartate, this enzyme is similar to the B. stearothermophilus PC (Cazzulo e t al., 1970) , but with the important exception of an extremely low Ka value for acetyl-CoA. A common observation with this class of PCs is an apparent deviation from normal MichaelisMenten kinetics with pyruvate as the varied substrate in assays which measure the formation of oxaloacetate (Cazzulo et al., 1970; Scrutton & Taylor, 1974; Warren & Tipton, 1974b; Milard de Forchetti & Cazzulo, 1976) . The R. capsulatus enzyme also fitted this pattern, giving two linear intersecting lines on double-reciprocal plots from which two apparent K, values could be extrapolated. This behaviour is due to premature dissociation of pyruvate from the enzyme at low pyruvate concentrations, leading to a hydrolytic breakdown of carboxybiotin and thus an altered reaction stoichiometry (EasterbrookSmith et al., 1976) . As demonstrated previously for PC from yeast (Cazzulo & Stoppani, 1969a) , B. stearothermophilus (Cazzulo e t al. , 1970) , Verticillium abo-atrum (Hartman & Keen, 1974) and Psetldomonas juorescens (Milard de Forchetti & Cazzulo, 1976 ) the optimum pH value for enzymic activity was found to depend upon the nature of the divalent cation present, being at pH 7.0 with MnC1, and pH 8-5 with MgCl,, at equimolar concentrations of ATP and divalent cation. With excess MgCl,, however, the specific activities at each pH value were higher, and the optimum was shifted to pH 8.0. This may be attributed to a separate activation of the enzyme by free Mg2+ (Keech & Barritt, 1967; Cazzulo et al., 1970; Warren & Tipton, 197413) . Excess divalent metal cation may also act by converting residual free ATP4-, which has been demonstrated as an inhibitor of some of these enzymes, into the complex ion MgATP2-, the true substrate of the reaction (Cazzulo & Stoppani, 1969a) . The NaH1'C03 fixation experiment clearly revealed the high specificity of the enzyme for pyruvate as the substrate for CO, fixation, as other carboxylic, keto-or hydroxyacids tested were ineffective.
Kinetic studies also revealed that ADP competitively inhibited PC activity. Inhibitory effects of ADP have been reported for PCs from fungi (Stan & Schormuller, 1968) , yeast (Cazzulo & Stoppani, 1969b) , B. stearothermojhilus (Cazzulo e t al., 1970) and Pse~~omonasjtlorescens (Milard de Forchetti & Cazzulo, 1976) . L-Aspartate is a potent inhibitor of some PCs of bacterial and fungal origin (Cazzulo & Stoppani, 1968; Cazzulo et al., 1970; Feir & Suzuki, 1969; Scrutton & Young, 1972 ) but has no effect Pyruvate carboxylase from Rhodobaiter capsulatzis on the enzymes from rat liver, chicken liver (Scrutton et al., 1969) , Aaotobacter vinelzelandii (Scrutton & Taylor, 1974) or Pseudomonas citronellolis (Suebert & Weicker, 1969) . With PC from Aspergillus niger, which is fully active in the absence of acetyl-CoA, L-aspartate is a non-competitive inhibitor with respect to the enzyme substrates (Feir & Suzuki, 1969) . On the other hand, for those microbial enzymes which are activated by acetyl-CoA in an allosteric fashion, inhibition by L-aspartate is co-operative (Cazzulo et al., 1970) . This was the pattern found here for the R. iapsulatzis PC, although 2-oxoglutarate was a more potent inhibitor than L-aspartate. The regulation of PC by acetylCoA, aspartate and 2-oxoglutarate may have a physiological role in maintaining a balance between catabolic and anaplerotic reactions, analogous to the type of control exerted by acetyl-CoA and aspartate on phosphoenolpyruvate carboxylase in the enterobacteriaceae (where phosphoenolpyruvate rather than pyruvate is the substrate for CO, fixation; Utter & Kolenbrander, 1972).
The amino acid composition of only a few PCs (mostly eukaryotic) has been reported in the literature, and thus it was not possible to make detailed estimates of compositional relatedness. SdQ values, calculated from published amino acid compositions, showed the enzyme from R.
iapszilatt/s to be more related to the acetyl-CoA-stimulated PCs from eukaryotic sources (SdQ values < 100) than to the acetyl-CoA-independent PC from P. citronelloh (SdQ = 318). Unfortunately, no amino acid compositions or even partial sequence data appear to be available for any other bacterial PC. The similarity of the R. iapsulatus PC to the yeast PC was confirmed by comparisons of the N-terminal sequence. The very high degree of sequence identity observed in the N-terminal region strongly suggests that the prokaryotic and eukaryotic PCs in the acetyl-Co A-stimulated class are highly conserved. Elucidation of the evolutionary relationships between these enzymes and the larger family of biotin carboxylases urgently requires more primary sequence information, especially from prokaryotes. The structural gene for the R. capszilattls PC may be contained on pPYClOl and the sequencing of this gene may be important in contributing to such insights.
